The catalytic activities and properties of platinum supported on siliceous MCM-41 and Al-modified MCM-41, such as Al-incorporated MCM-41 (AlMCM-41) and alumina-modified MCM-41 (Al 2 O 3 -MCM-41), for the hydrodesulfurization (HDS) of thiophene were investigated. 
Introduction
Hydrodesulfurization (HDS) of petroleum feedstocks is one of the important processes in the petroleum industry to produce clean fuels [1] [2] [3] [4] . However, recently, the development of highly active HDS catalysts, which exhibit higher activity than commercial CoMo/Al 2 O 3 HDS catalyst, have been claimed in the petroleum industry to produce lower sulfur content fuels [5, 6] . It has been accepted that noble metal catalysts have high possibilities as new HDS catalyst for petroleum [7] [8] [9] [10] [11] [12] .
The authors have also investigated the development of highly active noble metal HDS catalysts supported on zeolites [13] [14] [15] .
Recently, mesoporous silicate materials such as FSM-16, MCM-41 and SBA-15, which have larger pore diameter and higher surface area than zeolites, have been attracting wide attention as new materials for catalysts and catalyst supports. Some researchers have attempted to develop new HDS catalysts based on mesoporous silicates [16, 17] . In the previous papers [18] [19] [20] [21] [22] , we have reported that noble metals, especially platinum, supported on mesoporous silicates, such as FSM-16 [18] , MCM-41 [19] and SBA-15 [20] , showed high activity in the HDS of thiophene. Thus, noble metals supported on mesoporous silicates have high possibilities for usage with new HDS catalysts for petroleum feedstocks. Furthermore, Pt supported on alumina-modified MCM-41 (Al 2 O 3 -MCM-41) showed remarkably high and stable activity in the HDS of thiophene and Brønsted acid site in Pt/Al 2 O 3 -MCM-41 catalyst plays an important role for HDS of thiophene [22] .
Generally, Brønsted acid site of mesoporous silicate is generated by incorporation of Al atom into silicate framework. It was expected that the differences between Pt/Al 2 O 3 -MCM-41 and Pt/Al-incorporated MCM-41 (AlMCM-41) catalysts will clarify the cause of high activity of Pt/Al 2 O 3 -MCM-41 for the HDS of thiophene.
In the present work, we examined the catalytic performance of platinum supported on Al-modified MCM-41 such as AlMCM-41 and Al 2 O 3 -MCM-41 for the HDS of thiophene in order to develop highly active platinum catalysts supported on mesoporous silicates for HDS of petroleum feedstocks. Furthermore, we examined the effect of Al modification on the HDS activity of MCM-41-supported Pt catalysts.
Experimental

1. Preparation of Catalysts
Siliceous MCM-41 was prepared using sodium silicate (Kanto Chemical Co.) and surfactants such as CH 3 Temperature programmed desorption of ammonia (NH 3 -TPD) was carried out using a glass vacuum system. The sample (0.1 g) was evacuated at 500 °C for 1 h before adsorption of ammonia.
Ammonia was adsorbed at 100 °C for 30 min followed by evacuation at the same temperature for using a pulse reactor with helium carrier gas. In both reactions, catalysts (0.03 g) were charged into the reactor and were pretreated at 500 °C for 1 h before the reaction.
Dispersion of platinum
The dispersion of platinum on MCM-41 and Al-modified MCM-41 were evaluated by XRD analysis and by the hydrogen adsorption method. XRD analysis was carried out using a Rigaku diffractmeter with Cu K α radiation. Adsorption of hydrogen on the supported Pt catalyst was carried out using a glass vacuum system at 25 °C. The supported Pt catalysts were evacuated at 500 °C for 1 h followed by reduction with hydrogen (26.7 kPa) at 450 °C for 1 h and evacuation at the same temperature for 1 h before hydrogen adsorption.
Measurement of FT-IR spectra
FT-IR spectra of pyridine and thiophene adsorbed on MCM-41 and Al-modified MCM-41 were observed by using a Jasco FT-IR spectrometer. The catalysts were evacuated at 500 °C for 2 h prior to the measurement. 
Results and Discussion
1. Textural properties of MCM-41 and
4. Acidities of MCM-41 and Al-modified MCM-41
We evaluated the acidities of MCM-41 and Al-modified MCM-41 by NH 3 -TPD, 2-PA dehydration, cumene cracking and pyridine-adsorbed FT-IR spectra. Figure 6 shows the NH 3 -TPD profiles of MCM-41 and Al-modified MCM-41. It was reported that the desorption peak at low temperature was not ammonia directly adsorbed on acid sites [26] and this ammonia was attributed to hydrogen bonding to NH 4 + adsorbed on acid sites [27] . Thus, we evaluated the amounts of acid site between 250 °C and 500 °C. The amount of acid site on Al 2 O 3 -MCM-41 was higher than that on MCM-41 and AlMCM-41. Furthermore, we observed the FT-IR spectra of thiophene adsorbed on MCM-41 and Al-modified MCM-41 in order to clarify the interaction between silanol groups and thiophene molecules. In the background spectra of MCM-41 evacuated at 500 °C for 2 h, the silanol group was observed at 3745 cm -1 , as shown in spectrum (i) in Fig. 9 (a) . After introduction of 2 kPa of thiophene onto the MCM-41, the absorption band of Si-OH at 3745 cm -1 decreased considerably and a large and broad peak appeared at 3605 cm -1 , which is assigned to the silanol groups interacting with the thiophene molecules. However, the decreased absorbance of silanol groups was completely regenerated by the evacuation at 25 °C, without any shoulder peak at around 3600 cm -1 .
In the background spectra of AlMCM-41 evacuated at 500 °C for 2 h, the silanol group was observed at 3745 cm -1 , as shown in spectrum (i) in Fig. 9 (b). After introduction of 2 kPa of thiophene onto the AlMCM-41, the absorption band at 3745 cm -1 decreased and shifted to 3603 cm -1 , as shown in spectrum (ii) in Fig. 9 (b) . The decreased absorbance of silanol group was almost regenerated by the evacuation at 25 °C, but a slight shoulder peak at 3603 cm -1 was observed, as shown in spectrum (iii) in Fig. 9 (b) . These results indicate that the interaction between AlMCM-41
with Brønsted acid site and thiophene is stronger than that of MCM-41 without Brønsted acid site.
FT-IR spectra of thiophene adsorbed on Al 2 O 3 -MCM-41 was similar to those of AlMCM-41, as shown in Fig. 9 (c) . However, the frequency of the shifted absorption band was observed at 3600 Some modes of coordinated thiophene in organometallic complexes have been reported [28] and two adsorption types of thiophene on catalyst surface were proposed [29] [30] [31] ; (i) via π electrons in aromatic ring and (ii) via sulfur atom. It was reported that the sulfur atom in thiophene directly interacts with the Brønsted acid site on HY zeolite [31] . Furthermore, the shift of frequency of the silanol group was due to the interaction between the sulfur atom in thiophene and hydroxyl groups of zeolite, and these experimental results were consistent with theoretical results [32] . We also Table 4 Effect of sodium addition on catalytic activity for thiophene HDS and properties of 
